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By
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the requirement for the degrees of Naval Engineer and Master of Science in Mechanical
Engineering.

ABSTRACT

Surface microstructures of various materials and weld types were observed using confocal laser
microscopy to determine their effects on the formation of microscopic surface formations and
microcracks in an attempt to classify the possible sensitivity to fracture in service. The general
appearance of the weld, HAZ, and base metal were observed through the use of the confocal
scanning laser microscope in order to categorize the presence of surface discontinuities and
microcracks according to weld process and material type. The effects of welding conditions
such as heat input and welding speed were considered along with the effects of specimen

thickness.

The materials investigated were mild steel, aluminum, 304 stainless steel, titanium, and high
strength steels, including HY-100, HY-130, and HSLA 100. The welding processes considered
were electron beam (EB) welding, gas metal arc (GMA) welding, gas tungsten arc (GTA)
welding, and laser beam (LB) welding. The specific heat input and welding speed was varied for
the electron beam welding and several of the thin plate samples.

The surface microstructure was examined with a Nikon Optiphot confocal He-Ne scanning laser
microscope. This microscope allows surface visualization for magnifications with a resolution
limit of 0.25 microns. The image monitoring equipment associated with the microscope provides
for the slow scanning of specimens for measuring surface contours, superimposing layers of
images, and producing a single clear image in memory of a highly textured surface.

A literature search gave 30 important references regarding mechanisms for microcracking and
surface defects and methods for their reduction.

Several features were observed that may increase sensitivity to fatigue fracture including
microcracks, deformed grain structures, grain boundary slippage, weld ripples, grain size, and
etched grain boundaries. Heat input per unit length and welding seemed to play an important
role in affecting the type of microstructure produced during the solidification process. The
presence of oxides hindered more detailed observations.
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Title: Kawasaki Professor of Engineering
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CHAPTER 1

Introduction

Background:

The development of modem welding technology began in the latter half of the
19th century with the increased availability of electrical energy. The applications of
welding processes slowly grew until World War II when the need for the United States
to build nearly 4,700 ships was met through the wide use of welding. Since that time,
the materials, applications, and methods of welding have grown enormously. The Cold
War provided an impetus to improve welding methods for military applications and space
technology. These applications required finding reliable methods for light metal alloys
for aircraft and space components, high strength steels for ship and submarine
construction, and high strength hardened steels for tank construction. Today, welding
processes are used in the fabrication and construction of many different types of
structures, from the largest U.S. Navy aircraft carrier to the smallest miniature electronic
component.

The problem of weld cracking has become more common as the applications and
types of materials used have become more advanced. Cracks are the most harmful of
welding defects since they are the defects most likely to lead to failure of the weldment.
Once the mechanisms that cause cracking in welds, including how cracks initiate and
grow, are understood, this information can be applied to prevent cracking and the

ultimate failure of the welded structure.
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Cracking in a weldment may occur during or immediately after welding. It may
even occur long after welding is completed or during service. Cracks can range in size
from large macrocracks that are visible to the naked eye to small microcracks that are
only visible through the use of special inspection equipment. Microcracks or
microfissures (measurable in microns) may not necessarily reduce the service life of a
welded structure unless conditions are right for these cracks to grow or merge with other
microcracks to become macrocracks and cause failure.

Many factors contribute to cracking including the welding process, the chemical
compositions of the base and weld materials, and the mechanical loading. The
temperature cycle is the most significant contributor to cracking in a weldment.
Temperatures can range from above the melting point of the base metal down to the
subzero temperatures necessary for special hardening treatment. Rapid thermal changes
can cause localized expansion and contraction of the metal, chemical reactions between
the metal and the atmosphere, abrupt changes in the microstructure and alterations in the
mechanical and physical properties of the material. These changes may affect all parts
of the weldment including the weld metal, the heat affected zone (HAZ), and the base
metal. Since the weld metal can be composed of filler metal, melted base metal, or a
mixture of both, its properties may vary widely. The properties of the weld metal are
determined by its chemical composition, the amount of dissolved gases present from
welding, and the thermal cycles that are encountered during the process. The properties
of the HAZ are determined by the composition of the base metal and the degree of

heating and cooling during welding or post-weld heat treatment.




Cracking may occur in any of these regions in the weldment, although there may
be a tendency for cracks to propagate in one region in a particular metal. High suength
steels such as HY-80, HY-100, and HY-130, tend to have cracks form in the HAZ.

Cracking is also dependent on the chemical compositions of the base and filler
metals. The carbon content of the base metal is a measure of its hardness. Sensitivity to
cracking increases with increasing hardness of the base metal. Figure 1-1 demonstrates
. ~ relationship between the carbon content and carbon equivalent on the weldat Jlity of
a material. Other crack promoting elements include copper, manganese, nickel,
chromium, boron, phosphorous, sulfur, molybdenum, and vanadium. Compositional
elements that can inhibit cracking in certain cases include manganese, cerium, and
chromium. The role of each of these different elements is complex and depends on the
particular composition of the material. For example, manganese itself may be a crack

promotor but in the presence of sulphur actually becomes a crack inhibitor.
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Figure 1-1: Carbon-Carbon Equivalent Diagram [Wong(1988)]
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The mechanical loading of the weldment also has a great affect on its crack
susceptibility. Residual stresses resulting from strains produced during the thermal cycle
increase the sensitivity to cracking. Also, a highly restrained joint will cause stress
concentrations that increase the sensitivity to cracking. Factors that effect the level
restraint include the weld size, joint geometry, joint fitup, externally applied restraint, and
the yield strengths of the base and weld metals.

Until now the methods used to observe microcracking in a material have been
primarily destructive. Common nondestructive testing techniques such as radiography,
dye penetrant and ultrasonic testing are not capable of detecting microcracks. The
scanning electron microscope has allowed the visual observation of fracture surfaces in
the laboratory under vacuum. Specimens must be small enough to fit in to the vacuum
chamber and be free of contaminants or replicants must be used. Also, the specimen
must normally be prepared by polishing or etching the surface to achieve the necessary
resolution to observe microcracking. Three dimensional observation is only possible
through cutting a plane surface in the specimen.

The confocal scanning laser microscope offers a significant advantage in observing
objects that have three dimensional surface features that can not be accommodated by
conventional optical equipment. Light optical microscopes can only survey a thin range
of focus at high magnifications while the extended focus capability of the confocal laser
coupled with an image processing system allows the image of an object to have a
virtually unlimited depth of field. With extended focus capability, the laser microscope

can scan sequential thin planes of focus. The image processor then identifies the peak
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light intensities for each pixel of each plane of focus and compiles them into a complete
image of the surface. There is little or no preparation required to use this system
effectively. Other features of this system include the capability to perform lateral surface

measurements and surface profilometry.

Scope:

The purpose this work is to investigate the surface microstructure of various
materials and weld types for surface microscopic discontinuities and microcracks in an
attempt to classify the possible mechanisms for microcracking. It is important to consider
microscopic surface discontinuities since they may have the potential for becoming cracks.
The general appearance of the weld, HAZ, and base metal were observed through the use
of the confocal scanning laser microscope in order to categorize the presence of surface
discontinuities and microcracks according to weld process and material type.

The materials investigated include mild steel, aluminum, 304 stainless steel,
titanium, and high strength steels including HY-100, HY-130, and HSLA 100. The
welding processes considered include electron beam (EB) welding, gas metal arc (GMA)
welding, gas tungsten arc (GTA) welding, and laser beam (LB) welding. The heat input
was varied in the electron beam samples and several of the thin plate samples.

The surface microstructure was examined with a Nikon Optiphot confocal He-Ne
scanning laser microscope.  This microscope allows surface visualization for
magnifications up to 6000X with a resolution limit of 0.25 microns. The magnifications

found most useful in this work have been 1200X and 2400X. There is a wide range of
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resolutions possible for investigating micro and macro characteristics. The image
monitoring equipment associated with the microscope provides for the slow scanning of
specimens for measuring surface contours and producing a clear image in memory of a
highly textured surface. The monitoring equipment makes it possible to record these
images through photography of the display screen, video tape output, or optical printer
outputs.

Some of the limitations of this equipment include:

1) It is only capable of surface visualization without destroying the specimen.

2) Surfaces must have sufficient reflectivity for the laser to produce adequate

images.
3) Surfaces must be inspected in the laboratory, however the use of replicants

makes it possible to visualize portions of weldments in service.

The details of this inspection apparatus and theory regarding its operation are

found in Appendix A.

In this study, a literature review was conducted of the mechanisms of cracking in
weldments in order to establish the current level of understanding in this area. A brief
review of laser microscopy was also conducted to establish the extent to which this
technology has been used as an NDT tool. Welded specimens were observed and
categorized by material type and welding process. The effects of welding conditions such

as heat input and welding speed were considered along with the effects of specimen size.
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This represents a very basic beginning in the study of microscopic features of weld
surfaces. A number of recommendations for future study are contained in the final

section.
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CHAPTER 2

Literature Review

Introduction:

A literature review was conducted to establish the current hypotheses of the
mechanisms causing microscopic surface discontinuities and microcracking in welds and
the possible methods for reducing the occurrence of these defects. The literature review
of laser microscopy revealed that the use of the optical scanning laser microscope itself
has not been discussed for use as a possible NDT tool since there was no specific

literature found. In either case, the review should by no means be considered

comprehensive.

Cracking and Cracking Mechanisms:

The extent of this literature review was primarily limited to cracking and cracking
mechanisms in high strength steels due to the shear volume of material available on the
general subject. As it is, this review is far from being comprehensive.

High strength steels are of particular interest due the increased usage in the
fabrication of high technology welded structures. These steels are highly sensitive to
cracking.

There are two basic categories of cracking as classified by the conditions of
formation: hot cracking and cold cracking. Hot cracking occurs at temperatures at or near

the melting point, during or immediately after the welding process. Hot cracks are
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normally intergranular fractures that can occur in the weld metal or the heat affected zone
(HAZ) immediately adjacent to the fusion zone. Cold cracking occurs at temperatures
below approximately 4000F. Cold cracking is normally transgranular, however depending
on the material, its strength, and the conditions under which it was welded, it may also
occur by intergranular fracture. Cold cracking may occur shortly after welding or as
delayed cracking, after a significant length of time. Stress corrosion cracking is a special
form of cold cracking in which environmental factors affect the initiation and growth of
the fracture. There has been significant investigation in this area [Brooks (1979), Chen
(1979,80), Fraser (1982), Fujii (1981), Fukagawa (1982), Zanis (1978,82), Zhiming
(1982)] due to the increased application of high strength steels to the marine

environment.

Hot Cracking:

Hot cracking can occur in a number of forms in a weldment. The primary type
is weld metal solidification cracking which can occur in the weld or in the heat affected
zone.

Solidification cracking in the weld metal is characteristically interdendritic. These
cracks are commonly identified by their location in the weld bead. Flare cracks are those
found near the fusion boundary, centerline cracks are those that lie along the weld
centerline normally below the surface, and crater cracks that are found at the end of the
weld run. This kind of cracking is particularly prevalent at or near the surface of a

multipass weld where the localized strains are severe. Cracks form at temperatures
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approaching the solidus of the weld metal when low melting point constituents segregate
to dendrite boundaries. The thermal shrinkage, on the order of 2-6%, associated with the
solidification process imposes strains across the liquid films at the dendrite interface,
causing them to rupture. [Dixon (1981)]

Weld metal solidification cracking is prevalent in nickel and aluminum based
alloys, and austenitic stainless steels. Its presence in ferritic steels varies widely but can
be a serious problem in high strength quenched and tempered steels. It can also be
exacerbated by high heat input welding processes on thick sections that have highly
restrained joints.[Dixon (1981)]

The various forms of solidification cracking include segregation cracking in the
weld metal, liquation cracking in the HAZ, liquation cracking in the weld metal of
multipass welds, and ductility tip cracking in the weld metal and HAZ. Segregation
cracking occurs at temperatures close to the solidus temperature and exhibits low melting
point surface films. Ductility tip cracks occur at newly migrated grain boundaries and
are free from surface films on the fracture surface.

The solidification process is thought to be comprised of four distinct stages. These
stages are primary dendrite formation, dendrite interlocking, grain boundary development,
and solidification.[Dixon (1981)]] The primary dendrite formation phase allows solid and
liquid phases present to be capable of relative movement. In the dendrite interlocking
phase, the liquid phase is capable of relative movement between dendrite boundaries.
When the grain boundaries begin to develop, the solid crystals no longer allow the

relative movement of the liquid phase. This stage is associated with the critical
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solidification range (CSR). Shrinkage strains begin to develop and if these localized
strains exceed some critical value, cracking will occur. Finally in the fourth stage, the
liquid has solidified completely.

Borland’s theory suggests that a wide freezing range is not sufficient for cracking
to occur. The liquid must also be distributed over the grain surfaces in such a way that
high strains have the opportunity to be built up on the narrow solid bridges connecting
adjacent grains. If the liquid is confined to the interstices at grain triple points, the grains
have a greater surface area over which they can form strong bonds that are capable of
withstanding high welding strains.

Prokhorov’s theory relates temperature and strain rates within the solidifying metal
to crack susceptibility range (CSR). The temperature over which cracking occurs is the
brittle temperature range (BTR). This range is the same as the CSR except that it extends
below the solidus. Within the BTR, most of the strains are absorbed by local distortion
of ductile intergranular phases. However, when the strain rate is too rapid the grain
boundary films can rupture and form cracks.[Dixon (1981)]

The individual elements that effect hot cracking include carbon, sulphur,
phosphorous, manganese, oxygen, silicon, aluminum, niobium, cerium, copper titanium,
and boron. In ferritic welds, carbon, sulphur, phosphorous, niobium, copper, boron, and
nickel are considered crack promoters. Manganese, oxygen, cerium, and chromium are
regarded as crack inhibitors. There is disagreement as to the effect of silicon, aluminum,

and titanium.
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The welding parameters that effect sensitivity to hot cracking include surface
profile, dendrite growth pattemn, travel speed, arc oscillation, powdered filler metal, flux,
plate strength and thickness, preheat, and joint preparation. The parameters that raise the
level of strain across the solidification front increase the sensitivity to cracking. Concave
surface profiles, high weld depth/width ratios, increased plate thickness, unsatisfactory
joint preparation, and localized preheat treatments' tend to promote cracking. Cracking
may be reduced by controlling the solidification structure. This can be accomplished by
using shallow joint profiles, arc oscillation or pulsation, and multipass welding.

A special form of hot cracking occurs when the weld metal under goes stress
retief heat treatment. This type of cracking is termed reheat cracking. This cracking
occurs under the action of residual stresses in the HAZ within a certain temperature range
after heat treatment. This range is 550-6500C for low alloy steels. The mechanism of
reheat cracking was originally thought to be alloy carbides being taken into solution
during austenization in the weld HAZ. The carbides such as V,C, and Mo,C, precipitate
out to strengthen the grain interiors which lead to the constraint of deformation in the
grain boundaries until the stress exceeds the available grain boundary ductility. Other
factors are now considered to also be involved. It is suggested that trace elements may
influence the grain boundary properties. Impurities usually regarded as deleterious to
ductility are Al, Cu, B, P, S, As, Sb, and Sn. Steels doped with Al and Cu showed some
evidence of embrittlement while the steels doped with boron to levels as low as 3 ppm

in the presence of aluminum showed evidence of severe embrittlement. The other

' Heat applied locally to a narrow band adjacent to the weld zone, such as by a propane torch, causes distortion
sufficient to lead to cracking.
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impurities showed no apparent effect. Other factors which may influence reheat cracking
are welding procedures and joint geometry which determine the residual stress level and

distribution.[McPherson (1978))]

Cold Cracking:

Cold cracking in steel welds is commonly referred to as hydrogen cracking,
hydrogen induced cracking, hydrogen assisted cracking and delayed or hydrogen delayed
cracking. Cold cracking may occur in the weld metal or the HAZ, with cracking
becoming more prevalent in the HAZ as the yield strength increases. Hydrogen cracking
is dependent on the martensitic structure of the metal, the amount of diffusible? hydrogen
present in the weld and HAZ, and the high residual stresses caused by nonuniform heating
during welding.[Kasatkin (1985)]

The microstructure of the weld metal and HAZ is effected by the variations in the
temperature fields experienced by the metal during the welding process itself and during
the cooling period following welding. The high temperatures experienced during welding
cause the ferrite in the weld metal to transforms to austenite and then back to ferrite
during cooling. Likewise, in quenched and tempered high strength steels, martensite
undergoes a phase change to austenite and back again. During this phase transformation,
impurities present in the alloy tend to migrate toward the austenitic grain boundaries. It
is the presence of the prior austenite grain boundaries that promote intergranular fracture.

[McMahon (1981), Nippes (1988)] The effect of the cooling rate on the grain size of the

! Diffusible is commonly used in the literature to refer to atomic hydrogen.
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resulting martensitic microstructure is significant in the HAZ. A fine grained
microstructure is formed by very rapid cooling rates through the martensitic
transformation temperature and is less susceptible to cracking. A controlled cooling rate
after the martensitic transformation temperature with an isothermal holding cycle and the
application of preheat also reduce the susceptibility cracking. [Kasatkin (1985)]

The presence of both intenal and external atomic hydrogen greatly affect the
cracking susceptibility of the weldment. Internal hydrogen can cause subsurface cracks
to be initiated by collecting in heavily dislocated slip bands that form by impurity
segregation. [McMahon (1981)] The presence of substantial pressures of extemnal gaseous
hydrogen can cause cracks to originate at the surface of the material. When subsurface
initiation does occur, there is evidence that it occurs at locations of maximum triaxial
stress. Hydrogen is transported to these locations, whether it originates intemally or
externally, by normal lattice diffusion or dislocation transport. Once hydrogen is
available at these sites, cracks can be initiated. The crack can then proceed by
intergranular cracking, interphase cracking, by acceleration of microvoid coalescence at
carbide particles, or by transgranular cleavage. The "trapping” strength of hydrogen can
effect the cracking rate in different microstructures. Hydrogen can be trapped in defects
in steel that include dislocations, impurity atoms, inclusion particles, interfaces between
the matrix and carbide particles, internal cracks and voids, and grain boundaries.
[Thompson (1981)]

The amount of diffusible hydrogen can be controlled by factors such as the time

and temperature conditions of cooling, the size of the weld, and the initial hydrogen
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concentration in the arc atmosphere. The primary source of hydrogen found in welds is
from the moisture contained in the welding electrode. Hydrogen levels on the order of
9-10 ppm are sufficient to caase cracking in HY-80. [Nippes (1988)] This level decreases
with increasing yield strength. Weld preheat, postheat, and high interpass temperatures
increase the amount of hydrogen that diffuses from the weld and decrease the
susceptibility to cracking. [Wong (1988)]

Oxygen can also affect the cracking resistance of high strength steel. The cracking
susceptibility and intergranular fracture increases with an increase in oxygen
content.[Matsuda (1985)] Matsuda found that intergranular fracture surfaces including
oxygen have many microvoids and microconer. Inclusions near the prior austenite grain
boundary cause microvoids and microcones on the intergranular fracture surface. Oxygen
concentrations in the range of 15-210 ppm are sufficient to cause cracking in HY-130
weldments.

The thermal stresses induced during welding are attributed to the restraint of free
thermal expansion and contraction by the surrounding structural elements in a welded
structure. In the HAZ of butt welds, the transverse residual stresses induced by extemal
restraint govern the formation of cold cracks in this region. In longer welds on thick
plate, the stresses and strains produced by intemal restraint are triaxial and are due to
inhomogeneous heating and cooling.[Thompson (1981)]} If these residual stresses exceed
a critical level, cold cracking can occur. This level is known as the critical stress. The
presence of hydrogen in the lattice structure weakens its cohesive strength and will lower

the critical stress required to initiate cracking. Residual stresses can be reduced by the
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use of preheat, interpass temperatures and post weld heat treatment.[Brednev (1990),
Kasatkin (1985)] In thick sections where multipass welds are used, the majority of the
weld will be tempered by the heat of subsequent welding passes.[Brooks (1979)]

Residual stresses are necessary to activate the process of intergranular slip, which
is a necessary condition for microcracking. The likelihood of slip occurring along grain
boundaries is governed by the possibility of activation of intergranular deformation, the
grain size, and the grain structure.{Kasatkin (1985)] Inclusions and impurities around
grain boundaries play an important role in the initiation of sub-microcracks during
intergranular slip. The active process of growth of these sub-microcracks is caused by
trapped vacancies initiated during rapid cooling, plastic deformation, and martensitic
transformation.[Kasatkin (1985)] Figure 2-1 (a) describes the formation of a step at the
surface of a grain caused by martensitic "needle” growth. Figure 2-1 (b) shows the
formation of a cavity at a step. Figure 2-1 (¢) shows a non metallic inclusion at a grain
boundary. Figure 2-1 (d) shows the formation of a cavity at an inclusion during slip
along a grain boundary.

Plastic deformation also occurs during the welding thermal cycle and can affect
the susceptibility to cracking. Plastic deformation develops least when welds are cooled
rapidly after welding and where conditions provide higher cooling rates from the
martensitic transformation temperature. As the cooling rate is reduced, plastic deformation
develops while cracks are being originated. The high rate of movements during the initial
period after load to preheated specimens, and the change in energy, the structure and

distribution of diffusible hydrogen, have a substantial effect on the deformation process
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and breakdown of the metal.[Kasatkin (1985)] During martensite transformation, the rate
of plastic deformation in the HAZ is governed by the total density of mobile dislocations
formed during the high temperature deformation of austenite as well as during the
formation of martensite. Previous high temperature deformation along grain boundaries
and the unstable structure intensify intergranular slip as the tensile stresses increase, at

temperatures below 2000C.[Kasatkin (1985)]

{c) o {d}

Figure 2-1: Diagram of formation of cavities during slip
along the grain boundaries. [Kasatkin (1985)]

The stress levels along with the hydrogen content affect the location and extent
of cracking in a weldment. As shown in Figure 3, cracks initiate and propagate in the
HAZ, along the fusion line, when stress levels are low (near the critical stress level) and
the hydrogen content is low. When the hydrogen content is high with low stress levels
and the hydrogen content is low with high stress levels, cracks tend to initiate in the HAZ
and propagate into the weld metal. The cracks initiate and propagate into the weld metal
with high hydiogen content and high stress levels. The high hydrogen content is

approximately three times higher than the low hydrogen content levels.[Kasugi (1983)])
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